The Wankel engine is a rotary type of four-stroke cycle internal combustion engine. The higher specific power output is one of its strong advantages. In Wankel rotary engine, every eccentric shaft revolution corresponds to one four-stroke cycle, whereas conventional reciprocating engine fulfills four-stroke cycle in two crankshaft revolutions. This means the power stroke frequency is twice that of conventional engines. Theoretically, application of two-stroke cycle on Wankel geometry will duplicate the power stroke frequency. In this research, a single-zone thermodynamic model is developed for studying the performance characteristic of a two-stroke Wankel engine. Two different port timings were adapted from the literature. The results revealed that late opening and early closing port geometry (small opening area) with high supercharging pressure has higher performance at low speed range. However, as the rotor speed increases, the open period of the port area becomes insufficient for the gas exchange, which reduces power performance. Early opening and late closing port geometry (large opening area) with supercharging is more suitable in higher speed range. Port timing and area, charging pressure, and speed are the main factors that characterize output performance. These preliminary results show a potential for increasing power density by applying two-stroke cycle of the Wankel engine.
Introduction
Internal combustion reciprocating engines are widely applied power sources in industry and transportation. There are many rotary mechanisms that are proposed as internal combustion engine [1] . The interest in these engines arises from their simple rotary motion without reciprocating parts. However, most of them fail in long term applications because of sealing and principal working cycle problems [2, 3] .
The Wankel engine is also a type of internal combustion engine, and among other rotary types, it is the only one in production. Since the 1950s, beginning with the NSU, besides some companies [2, 3] , many institutions and researchers have paid attention to the research and development of Wankel engine [4, 5] . It is clear that Mazda Corporation is the leading company for the latest developments in the automotive industry [6] [7] [8] . The main advantages of the Wankel-type rotary engine are higher specific power output and reduced vibration. On the other side, the main disadvantages are higher fuel consumption and shorter lifetime compared with conventional reciprocating engines.
Over more than 50 years, many disadvantages of the Wankel engine have been eliminated or improved. There are vast literature sources related to this development effort, concentrated on combustion chamber geometry [9, 10] , direct injection and stratified charge [11, 12] , port geometry [13, 14] , and sealing [15] , etc. The Wankel engine has the potential to be applied in areas where lightweight, low vibration, and use of some alternative fuels (H 2 , NG etc.) are required [16] [17] [18] . The primary advantage By this way, Wankel engine produces power for per eccentric shaft revolution, which is the basis of its high specific power output. In order to distinguish the rotary engines from reciprocating engines, considering power output, the related equations are given below. The indicated power per cylinder (combustion chamber) is:
where Wi is the net indicated work per cycle in one cylinder (combustion chamber):
where IMEP is net indicated mean effective pressure (specific work) and Vh is stroke volume of one combustion chamber. The power stroke frequency is defined by:
where ne is main shaft rotational speed and kf is the work stroke fraction [27] .
= ℎ (4) Table 1 shows kf factor for different engine types and cycles. By this way, Wankel engine produces power for per eccentric shaft revolution, which is the basis of its high specific power output. In order to distinguish the rotary engines from reciprocating engines, considering power output, the related equations are given below. The indicated power per cylinder (combustion chamber) is:
where W i is the net indicated work per cycle in one cylinder (combustion chamber):
where IMEP is net indicated mean effective pressure (specific work) and V h is stroke volume of one combustion chamber. The power stroke frequency is defined by:
where n e is main shaft rotational speed and k f is the work stroke fraction [27] . 
Engine Type k f -Work Stroke Fraction
Four-stroke reciprocating engine 1/4
Two-stroke reciprocating engine 1/2
Four-stroke Wankel engine 1 2 Two-stroke Wankel engine 1/1
Thus, Equation (1) for indicated power per cylinder with the above given variables takes the form:
The power of the engine for a given stroke volume, speed, and indicated mean effective pressure depends on work stroke fraction. For constant speed and power (constant load), Equation (5) can be rewritten as follows:
The right-hand side of Equation (6) describes the IMEP per stroke and may be defined as "Indicated Mean Work per Stroke-IMWS". This definition gives an opportunity to compare the specific work for different type engine and cycles. From these equations, it is seen that two-stroke Wankel engine increases the specific power a further step. According to the two-stroke Wankel engine geometry, which is proposed in this work, there are two windows facing each other from both sides of the housing where the scavenging occurs. Figure 2 shows two cycles of two-stroke for Wankel and reciprocating engines. Thus, Equation (1) for indicated power per cylinder with the above given variables takes the form:
The right-hand side of Equation (6) describes the IMEP per stroke and may be defined as "Indicated Mean Work per Stroke-IMWS". This definition gives an opportunity to compare the specific work for different type engine and cycles. From these equations, it is seen that two-stroke Wankel engine increases the specific power a further step. According to the two-stroke Wankel engine geometry, which is proposed in this work, there are two windows facing each other from both sides of the housing where the scavenging occurs. Figure 2 shows two cycles of two-stroke for Wankel and reciprocating engines. Figure 2 shows that the conventional engine completes two-stroke cycles in one crank shaft revolution (360 °CA). In the two-stroke Wankel rotary engine, at each rotor revolution, every three sides of the rotor complete two total cycles (two stroke), i.e., two two-stroke cycles per eccentric shaft revolution. Figure 2 shows that the conventional engine completes two-stroke cycles in one crank shaft revolution (360 • CA). In the two-stroke Wankel rotary engine, at each rotor revolution, every three sides of the rotor complete two total cycles (two stroke), i.e., two two-stroke cycles per eccentric shaft revolution. 
Geometry and Geometrical Constrains
The thermodynamic cycle process has been calculated considering the geometrical data. Two of them are volume and surface area of combustion chamber according to rotor position. For the calculation of the intake and exhaust flow, scavenging and exhaust port areas are also required. As is known, Wankel engine geometry is derived from trochoidal curves [2] [3] [4] . There are mainly four parameters, which define the shape of the Wankel engine geometry as shown in Figure 3 . 
The thermodynamic cycle process has been calculated considering the geometrical data. Two of them are volume and surface area of combustion chamber according to rotor position. For the calculation of the intake and exhaust flow, scavenging and exhaust port areas are also required. As is known, Wankel engine geometry is derived from trochoidal curves [2] [3] [4] . There are mainly four parameters, which define the shape of the Wankel engine geometry as shown in Figure 3 . In two-stroke reciprocating engines, scavenging and exhaust ports are basically placed on side wall of the cylinder. By this way, the movement of the piston simply controls the flow in and out of the combustion chamber. With respect to top dead center, opening and closing timings of these ports are symmetrical during the cycle of its geometrical nature. The areas of these ports are functions of opening-closing time and their height. Similar to conventional reciprocating two-stroke engine, piston (rotor) flank edge-controlled ports on side wall of rotary engine are used in this study. Curves that form port geometries are derived from the rotor flank geometry. The open part of the port is calculated by difference of integrated areas (Equation (7)), shown in Figure 4 as shaded.
= + − (7) In two-stroke reciprocating engines, scavenging and exhaust ports are basically placed on side wall of the cylinder. By this way, the movement of the piston simply controls the flow in and out of the combustion chamber. With respect to top dead center, opening and closing timings of these ports are symmetrical during the cycle of its geometrical nature. The areas of these ports are functions of opening-closing time and their height. Similar to conventional reciprocating two-stroke engine, piston (rotor) flank edge-controlled ports on side wall of rotary engine are used in this study. Curves that form port geometries are derived from the rotor flank geometry. The open part of the port is calculated by difference of integrated areas (Equation (7)), shown in Figure 4 as shaded.
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Thermodynamic Cycle Simulation
As the control volume of the thermodynamic model, just one of the combustion chambers is chosen. It is an open system, which includes gas exchange. Governing equations of the model are conservation of mass and energy, and ideal gas law. 
As the control volume of the thermodynamic model, just one of the combustion chambers is chosen. It is an open system, which includes gas exchange. Governing equations of the model are conservation of mass and energy, and ideal gas law.
Conservation of mass:
The conservation of mass equation for a finite time interval in our model takes the form:
(a) Mass of fresh charge (fc) and combustion products (ex) in combustion chamber after ∆t time interval.
(b) Mass of fresh charge (fc) and combustion products (ex) in combustion chamber before ∆t time interval.
(c) Accumulated mass in combustion chamber during ∆t time interval.
(d) Fuel mass ingested into the combustion chamber (increase of combustion productsṁ exf and decrease of fresh chargeṁ fcf due to combustion).
(e) Total incoming mass (combustion productsṁ scex and fresh chargeṁ scfc inflow from scavenging port and combustion products from backflowṁ exbf of exhaust port).
(f) Total outgoing mass (combustion products outflow from exhaust portṁ ex and from scavenging portṁ scex ).
Conservation of energy:
where d(m c e c ) is internal energy change in combustion chamber, dm sc h sc is enthalpy of incoming charge (scavenging), dm ex h ex is enthalpy of outgoing products (exhaust), p c dV c is work done, and dQ c heat addition or loss in combustion chamber. Ideal gas law:
By differentiating of energy and ideal gas equations with respect to time, the pressure change in the combustion chamber can be written as follows.
Converting time to eccentric angle:
The first two terms of the right-hand side of Equation (12) represent the gas exchange process, which is calculated using one dimensional compressible isentropic flow rate:
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where flow function is calculated by the following relation:
During the gas exchange process, it is assumed that the flow does not exceed sonic speed. For this assumption, a critical pressure ratio control is included as follows:
When the critical pressure is achieved, or in other words flow exceeds sonic conditions, the flow at ports becomes choked.
For inclusion of irreversibility, the one-dimensional compressible isentropic flow equation is multiplied by the discharge coefficient (µ sc and µ ex ). Discharge coefficients of ports are determined from experimental results and depend on shape, flow direction (in or out), pressure ratio, and open area ratio [28] . With the assumptions that the highest-pressure ratio is obtained at minimum open area and the lowest pressure ratio is obtained at full (maximum) open area, a linear regression approximation depending on open area ratios from the experimental data in the literature can be made [28, 29] .
In two-stroke engines, there is a period defined as scavenging period during which inlet and exhaust ports are open. In this study, filling and emptying method with simultaneous charging and discharging (scavenging process) is applied [30] . Fresh air and exhaust gases are mixed during the scavenging process in the combustion chamber. Pressure, temperature, and specific heat of the mixture are calculated as mean values for the complete combustion chamber. The boundary conditions are taken constant, which are temperature and pressure, at inlet and exhaust ports. The unsteady flow in pipes is simplified by assuming short pipe lengths for both inlet and exhaust parts, i.e., the flow is accepted as quasi-steady [30] .
The backflow from the exhaust to the combustion chamber or from the combustion chamber to the inlet is detected with the pressure difference. The backflow gas from the exhaust channel has the same temperature as in the control volume. The same assumption is valid for the backflow from the control volume to the inlet channel. Additionally, it is assumed that the backflow gas (from combustion chamber to the inlet ports) does not mix with the fresh charge; hence, with the change of the flow direction, first backflow gases re-enter into the combustion chamber, and then fresh charge enters.
Definitions of thermodynamic terms used in connection with two-stroke engine are as follows [26] : 
Heat Transfer
The instantaneous rate of heat transfer from the combustion chamber is:
In this equation, wall temperature (rotor, side, and housing) is taken as constant (T wall = 453 K). Surface area is calculated from the geometry of the engine for each rotor position. Combustion chamber temperature and heat transfer coefficient are calculated for each step of the cycle. The instantaneous heat transfer coefficient for internal combustion engines are usually calculated with semi-empirical similarity rules. Woschni's equation is widely used for conventional reciprocating engines [31] . Wilmers has adapted an equation from Woschni for Wankel geometry [32] . The same equation is used in this model while the dimension of the NSU KKM 502 engine of Wilmers's work is similar to the Mazda 13B engine. Figure 6 shows the change of heat transfer coefficient in the combustion chamber.
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Combustion
Fuel quantity (gasoline) in the combustion chamber is calculated according to the amount of fresh charge. Model calculations are made for stoichiometric mixture. Combustion process, i.e., heat release, is calculated according to the Vibe function and applied as a single-zone model [33] . Combustion efficiency is assumed to be 95% for whole working conditions; hence, heat release is also calculated with this assumption. Figure 6 shows an example of heat transfer coefficient, heat release, and loss in the combustion chamber.
The exponent m in the Vibe function, which specifies combustion rate vs. time is taken variable according to the engine speed (m = 1.5 for 2000 rpm, m = 1.75 for 4000 rpm, m = 2.0 for 6000 rpm) and combustion duration in EA for all engine speeds is set as constant (tz = 100°EA) [34] [35] [36] . These results are supported by the experimental data of Tsao and Losinger [36] at full load conditions (Figure 7 ). 
The exponent m in the Vibe function, which specifies combustion rate vs. time is taken variable according to the engine speed (m = 1.5 for 2000 rpm, m = 1.75 for 4000 rpm, m = 2.0 for 6000 rpm) and combustion duration in EA for all engine speeds is set as constant (t z = 100 • EA) [34] [35] [36] . These results are supported by the experimental data of Tsao and Losinger [36] at full load conditions (Figure 7) .
The exponent m in the Vibe function, which specifies combustion rate vs. time is taken variable according to the engine speed (m = 1.5 for 2000 rpm, m = 1.75 for 4000 rpm, m = 2.0 for 6000 rpm) and combustion duration in EA for all engine speeds is set as constant (tz = 100°EA) [34] [35] [36] . These results are supported by the experimental data of Tsao and Losinger [36] at full load conditions (Figure 7 ). For the whole process, the mean specific heat is calculated as follows:
The specific heat of the fresh charge is taken as linear and combustion products are taken as second-order functions of the temperature [37] .
Instantaneous Conditions in Combustion Chamber with Forward Marching
After calculating the mass balance from Equation (9) and pressure difference from Equation (12) with a given time step, new pressure and temperature can be calculated from the following equations.
For precise calculation, the numerical differential time steps must be chosen as small as possible. Additionally, a correction step in the interval of the time must be used. In this study, the correction step is applied according to modified Euler (Heun) method [38] as follows:
First step:
Correction
Step:
Second
The 
Second
The time step is defined according to the rotor angle (1°RA, 0.1°RA), which rotates with onethird of the speed of the eccentric shaft (3°EA, 0.3°EA). Results of two different time steps for charge exchange are shown in Figure 8 . Results of the large time step produce numerical fluctuations on charge and combustion product quantities, as seen in Figure 8 . For this reason, 0.1°RA (0.3°EA) step size is chosen for the further calculations. 
Frictional Loss and Effective Parameters
In reciprocating or rotary engines, frictional loss has a decreasing effect on power output. For determining the effective parameters friction loses must be included in the calculations. Frictional losses may be defined as the mean frictional pressure (FMEP).
where IMEP is indicated mean effective pressure and BMEP is brake mean effective pressure. Mean frictional pressure (FMEP) in conventional engine depends strongly on engine speed and weakly on engine load (BMEP). According to experimental results in the literature, mean frictional pressure increases linearly with engine speed and load [39] . In the case of Wankel engine, mean frictional pressure varies with the second-order functions of the engine speed. Additionally, it depends more strongly on engine load compared to the conventional engine [39] . Basshuysen's test engine was Audi NSU KKM871 and it is slightly larger than our model engine (Mazda 13B). In the presented work, a multiple regression with a second-order term of engine speed and first-order term of engine load is derived from the given data of mentioned work. FMEP = 0.2765 + 0.0494 n e 1000 + 0.0356 n e 1000 2 + 0.0688 BMEP [bar] (29) 
Thermodynamic Model Results
In Table 3 , the main geometry and working conditions of the model engine are summarized. There are two different types of port geometries (large port-LP; small port-SP) [26] , three different charging pressures (1.2 bar, 1.5 bar, and 2.5 bar), and three speeds (2000, 4000, and 6000), hence 18 conditions are calculated. Combustion parameters (rate and duration) are taken from experimental data in the previous four-stroke Wankel engine literature [34] [35] [36] .
In two-stroke engine terminology, the compression ratio is defined as the trapped compression ratio referring the volume after exhaust port closing. In order to avoid confusion, in this study, geometric compression ratio (ε geometric ) is used by adhering to the four-stroke terminology. 
Indicated and Effective Parameters
Indicated parameters from p-V diagram by volume step integration are calculated and shown together with p-EA diagram in Figure 9 . For comparison and validation of model calculations, a small-size two-stroke conventional SI engine's experimental data are used [40] . Mentioned conventional engine is crankcase scavenged and scavenging pressure during intake is approximately between 1.3-1.0 bar. In Figure 9 , the left and right sides show the results of LP and SP configurations, respectively. Experimental p-V data of conventional two-stroke reciprocating engine at 4000 and 6000 rpm are plotted on the left and right graphs. Experimental data are in good agreement with 1.2 bar scavenging pressure and 2000 rpm working conditions of two-stroke Wankel engine model results (especially with LP configuration). At higher speeds, for the two-stroke Wankel engine, the combustion pressure is significantly lower. The reason for this is the restricted port cross section areas of the two-stroke Wankel geometry, which was explained in Section 3, Table 2 , and Figure 5 .
Maximum pressure points are approximately between 20-30 • EA ATDC and the values are between 2.00-7.27 MPa. It is seen that for both LP and SP, increasing charging pressure and decreasing speed lead to higher pressure levels, which generate higher indicated work. At 2000 rpm and 2.5 bar charging pressure, SP configuration has a much higher peak pressure in comparison to LP configuration. This leads to higher work production together with longer expansion ratio before exhaust port opening in SP configuration. The reason for this difference is due to the higher geometric compression ratio and more effective supercharging at given conditions. On the other hand, this advantage of SP configuration diminishes at the same charging pressure with increasing the engine speed (6000 rpm). The reason for this situation can be explained as a very short time for charge exchange duration and insufficient port areas. With lower charging pressure at scavenge (1.2 bar), the peak pressures for both configurations decrease. The reason is lower fresh charge amount trapped in the combustion chamber compared to higher scavenging pressure. Another observation is that, at lower charging pressure in SP configuration, the port areas are insufficient for filling the combustion chamber. This can be seen from the compression line and lower peak pressure of SP in comparison to LP (Figure 9 ).
Maximum pressure (p max ), exhaust port opening pressure (p ex ), indicated (p mi ), effective (p me ), and frictional (p mf ) mean effective pressures of LP and SP geometry at 1.2-2.5 bar charging pressures and for 2000-6000 rpm engine speeds are shown in Table 4 . The applied charging pressures (2.5 and 1.2 bar) ratio is approximately 2.08, while the maximum pressure ratios for LP and SP are approximately between 1.3-1.8 and 2.1-2.3, respectively. This comparison between LP and SP shows that supercharging may be applied more effectively to small-port geometry. Especially at low speed and high charging pressure conditions, SP configuration is more dominant. The specific indicated work with SP configuration at 2000 rpm and 2.5 bar charging pressure is 64% higher than LP application. This advantage for SP application diminishes at higher speeds and lower charging pressure. The best indicated mean effective pressures at four different working conditions are marked in Table 4 . combustion pressure is significantly lower. The reason for this is the restricted port cross section areas of the two-stroke Wankel geometry, which was explained in Section 3, Table 2 , and Figure 5 . Maximum pressure points are approximately between 20-30°EA ATDC and the values are between 2.00-7.27 MPa. It is seen that for both LP and SP, increasing charging pressure and decreasing speed lead to higher pressure levels, which generate higher indicated work. At 2000 rpm and 2.5 bar charging pressure, SP configuration has a much higher peak pressure in comparison to LP configuration. This leads to higher work production together with longer expansion ratio before exhaust port opening in SP configuration. The reason for this difference is due to the higher geometric compression ratio and more effective supercharging at given conditions. On the other hand, this advantage of SP configuration diminishes at the same charging pressure with increasing the engine speed (6000 rpm). The reason for this situation can be explained as a very short time for charge exchange duration and insufficient port areas. With lower charging pressure at scavenge (1.2 bar), the peak pressures for both configurations decrease. The reason is lower fresh charge amount trapped in the combustion chamber compared to higher scavenging pressure. Another observation is that, at lower charging pressure in SP configuration, the port areas are insufficient for filling the combustion chamber. This can be seen from the compression line and lower peak pressure of SP in comparison to LP (Figure 9 ).
Maximum pressure (pmax), exhaust port opening pressure (pex), indicated (pmi), effective (pme), and frictional (pmf) mean effective pressures of LP and SP geometry at 1.2-2.5 bar charging pressures and for 2000-6000 rpm engine speeds are shown in Table 4 . The applied charging pressures (2.5 and 1.2 bar) ratio is approximately 2.08, while the maximum pressure ratios for LP and SP are approximately The effective power of the engine for a given stroke volume, speed, and brake mean effective pressure (BMEP) depends on work stroke fraction (k f ), which was mentioned in Section 2, Equations (5) and (6) . For the comparison of two-and four-stroke Wankel engines, work stroke fraction multiplied with BMEP (brake mean effective work per stroke-BMWS) is calculated by using the stroke fraction parameter. Figure 10 shows the mean effective work per stroke (k f ·BMEP≡BMWS) vs. speed characteristic from the measured data of Mazda 13B naturally aspirated, turbocharged, Renesis high-power and standard-power engines [6, 41] and calculated two-stroke engines, which have the same geometry. The effect of supercharging pressure can be seen in this figure. Large-port geometry with high charging pressure has slightly higher performance in whole speed range than four-stroke engines. Small-port geometry has a definite potential in the lower speed range, but its advantage decreases sharply in higher engine speeds. SP geometry at 2000 rpm and 1.2 bar charging conditions is on the same level and approximately equal to naturally aspirated four-stroke engines. LP geometry at the same conditions has higher BMWS than naturally aspirated engine and slightly lower than turbocharged four-stroke engine. BMWS ratio of SP 2.5 bar supercharging and turbocharged four-stroke engine at 2000 rpm is approximately 2.25. The same ratio of LP 2.5 bar supercharging and turbocharged four-stroke engine at 2000 rpm is approximately 1.35. This means that at 2000 rpm, SP and LP configurations with 2.5 bar supercharging have 125% and 35% higher power than the turbocharged four-stroke engine. However, in higher speeds (6000 rpm), there is no benefit for power density of two-stroke cycle with the given port geometries and charging pressures.
Charging, Discharging (Scavenging), and Mass Balance of Engine Cycle
In two-stroke engines, port configuration is an important parameter for the charging and discharging of gases. In Figure 11 , the flow rates of LP and SP ports are given for comparison. It must BMWS = Figure 10 . Comparison of mean effective work per stroke [6, 41] . BMWS ratio of SP 2.5 bar supercharging and turbocharged four-stroke engine at 2000 rpm is approximately 2.25. The same ratio of LP 2.5 bar supercharging and turbocharged four-stroke engine at 2000 rpm is approximately 1.35. This means that at 2000 rpm, SP and LP configurations with 2.5 bar supercharging have 125% and 35% higher power than the turbocharged four-stroke engine. However, in higher speeds (6000 rpm), there is no benefit for power density of two-stroke cycle with the given port geometries and charging pressures.
In two-stroke engines, port configuration is an important parameter for the charging and discharging of gases. In Figure 11 , the flow rates of LP and SP ports are given for comparison. It must be noted that the discontinuity of exhaust flow at bottom death center (BDC) is due to the iteration beginning point and is negligible small for the whole cycle calculation procedure. As expected with increasing charging pressure, flow rates on exhaust and scavenging ports increase in every port configuration and speed condition. Similarly, large-port configuration has higher flow rates compared to small port. In LP configuration, there is not any back flow into the scavenging port for the whole charging pressure and speed range, and it minimizes the residual gas ratio (Figure 12 ). This is due to the rapid pressure drop in the combustion chamber, which can be seen from the indicated pressure in Figure 9 . However, in SP configuration, there is always a back flow into the scavenging port at the beginning of the port opening, which results in a higher residual gas quantity. In LP configuration, after closing, the scavenge port forms a bulge of flow through the exhaust port while the combustion chamber volume decreases. The subsequent flow through the exhaust port results in a decrease of the charge mass in the combustion chamber as it is seen in Figure 12 . scavenging port at the beginning of the port opening, which results in a higher residual gas quantity.
In LP configuration, after closing, the scavenge port forms a bulge of flow through the exhaust port while the combustion chamber volume decreases. The subsequent flow through the exhaust port results in a decrease of the charge mass in the combustion chamber as it is seen in Figure 12 . During the combustion process, fresh charge decreases and combustion products increase. At the same time, total mass in the combustion chamber slightly increases due to the fuel addition. The assumptions of fuel addition are as follows. Fuel mass delivery into the combustion chamber is defined with vibe function. Fuel in the combustion chamber is converted immediately to combustion products. By opening the exhaust port, mass in the combustion chamber decreases due to the outflow (exhaust blow down); hence, pressure in the combustion chamber decreases. In SP geometry, a slight increase of combustion products can be seen after the scavenge port opening. The increase of combustion products at the beginning of scavenging occurs due to the back flow and return of exhaust gases from the scavenge port into the combustion chamber. During the combustion process, fresh charge decreases and combustion products increase. At the same time, total mass in the combustion chamber slightly increases due to the fuel addition. The assumptions of fuel addition are as follows. Fuel mass delivery into the combustion chamber is defined with vibe function. Fuel in the combustion chamber is converted immediately to combustion products. By opening the exhaust port, mass in the combustion chamber decreases due to the outflow (exhaust blow down); hence, pressure in the combustion chamber decreases. In SP geometry, a slight increase of combustion products can be seen after the scavenge port opening. The increase of combustion products at the beginning of scavenging occurs due to the back flow and return of exhaust gases from the scavenge port into the combustion chamber. In the second half of the charge exchange process, fresh charge from the scavenge port pushes combustion products to the exhaust port (perfect mixing scavenging). During this time, the mass of fresh charge increases while combustion products decrease in the combustion chamber. In LP configuration, after a maximum of fresh charge mass in the combustion chamber, a particular decrease can be observed at the end of gas exchange. This happens due to the loss of fresh charge on the exhaust channel. The loss of fresh charge in this geometry at low-speed and high-pressure-charge conditions is more evident in Figure 12 . In the case of a large-port application, the amount of residual gas in the combustion chamber remains very low in all the operating conditions except the low-scavenging-pressure and high-speed conditions.
In the SP application, due to the early port closing, the amount of fresh charge pushed from the combustion chamber during compression period decreases. However, in all operating conditions except the high-charge-pressure and low-speed condition, the residual gas remaining from the previous cycle in the combustion chamber in SP configuration is high. Particularly with the low-charge-pressure and high-speed condition, the residual gas remaining in the combustion chamber is higher than the fresh charge amount. On the other hand, the amount of residual gas decreases significantly in the high-scavenging-pressure and low-speed condition, while the amount of fresh fill in the combustion chamber is highest. The result of this situation is also seen at the pressure levels in p-EA and p-V diagrams in Figure 9 .
Scavenging Ratio and Efficiency
In this study, for the scavenging process as mentioned in Section 4, the filling and emptying method with simultaneous charging-discharging and perfect mixing scavenging assumption is applied. In this assumption, the entering air upon arrival in the chamber proceeds to mix "perfectly" with the exhaust gas. Pressure, temperature, and specific heat of the mixture are mean values for the complete combustion chamber. The resulting of exhaust gas effluent is composed solely of the mixed cylinder charge at that particular instant [26, 30] . Figure 13 displays the scavenging ratio (SR) and efficiency (SE) of the two-stroke Wankel engine with SP and LP configuration at different scavenging pressure and engine speed. Definitions of SR and SE are given previously at the end of Section 4. As expected, the scavenging ratio of LP geometry is always higher in comparison to SP due to the larger port areas. In LP configuration at 2000 rpm and 2.5 bar charging pressure, SR value is approximately 2.4. This means that the amount of fresh charge sent from the scavenging port is 2.4 times the volume of the combustion chamber under the reference conditions. This indicates that a significant amount of fresh charge is lost from the exhaust port. As the speed of the engine increases, the scavenging ratio decreases rapidly due to the shorter scavenging time. In the case of SP configuration, the scavenging ratio is below 1 at all operating conditions. At high speed (6000 rpm) with SP geometry, the SR value is below 0.5, resulting in a sharp decrease of power production of the engine. In two-stroke engine literature, conventionally volume-based quantities are used as a marker of ideal behavior of scavenging in order to compare with the real state. Hence, a conversion from mass to volume has been made. In this ideal case, isothermal, isobaric process, and identical gas density (fresh charge, combustion chamber, exhaust) assumptions are valid [26] . Scavenging pressure and temperature are used as reference values. The two-stroke Wankel model calculation results are shown In Figure 14 . With an increasing scavenging ratio, the purity in combustion chamber increases. However, at the same time, loss of fresh charge from the exhaust is practically at an unacceptable level. This can be seen especially at LP geometry and at high charging pressures. Additionally, this figure of volume-based scavenging ratio vs. efficiency confirms the model results related to perfect Scavenging efficiency (SE) is the ratio of fresh charge to total charge in combustion chamber, which is also a measure for the ratio of residual gases (combustion product) in the combustion chamber. With LP and SP application, SE values are 0.98-0.76 and 0.80-0.38, respectively. According to these results, the fresh charge ratio is higher for LP configuration at all working conditions, while for SP application at higher speeds, the fresh charge ratio decreases sharply, and as the worst case at 1.2 bar charge pressure and 6000 rpm engine speed, it is lower than the residual gas.
In two-stroke engine literature, conventionally volume-based quantities are used as a marker of ideal behavior of scavenging in order to compare with the real state. Hence, a conversion from mass to volume has been made. In this ideal case, isothermal, isobaric process, and identical gas density (fresh charge, combustion chamber, exhaust) assumptions are valid [26] . Scavenging pressure and temperature are used as reference values. The two-stroke Wankel model calculation results are shown In Figure 14 . With an increasing scavenging ratio, the purity in combustion chamber increases. However, at the same time, loss of fresh charge from the exhaust is practically at an unacceptable level. This can be seen especially at LP geometry and at high charging pressures. Additionally, this figure of volume-based scavenging ratio vs. efficiency confirms the model results related to perfect mixing assumption. In another study by Groff [42] , the performance band of production reciprocating two-stroke engines is measured with a single-cycle scavenging apparatus. In this study, measurements reveal that the SE v and SR v values are distributed in the region bounded by perfect displacement and perfect mixing scavenging curves. However, based on the model results of present paper, it is obtained that the SE v and SR v values follow the perfect mixing scavenging curve closely. Thus, it is concluded that the model presented in present paper avoids overestimate the actual possible performance. In two-stroke engine literature, conventionally volume-based quantities are used as a marker of ideal behavior of scavenging in order to compare with the real state. Hence, a conversion from mass to volume has been made. In this ideal case, isothermal, isobaric process, and identical gas density (fresh charge, combustion chamber, exhaust) assumptions are valid [26] . Scavenging pressure and temperature are used as reference values. The two-stroke Wankel model calculation results are shown In Figure 14 . With an increasing scavenging ratio, the purity in combustion chamber increases. However, at the same time, loss of fresh charge from the exhaust is practically at an unacceptable level. This can be seen especially at LP geometry and at high charging pressures. Additionally, this figure of volume-based scavenging ratio vs. efficiency confirms the model results related to perfect mixing assumption. In another study by Groff [42] , the performance band of production reciprocating two-stroke engines is measured with a single-cycle scavenging apparatus. In this study, measurements reveal that the SEv and SRv values are distributed in the region bounded by perfect displacement and perfect mixing scavenging curves. However, based on the model results of present paper, it is obtained that the SEv and SRv values follow the perfect mixing scavenging curve closely. Thus, it is concluded that the model presented in present paper avoids overestimate the actual possible performance. Figure 14 . Volumetric scavenging ratio (SRv) and efficiency (SEv) characteristics of model calculation. Figure 14 . Volumetric scavenging ratio (SR v ) and efficiency (SE v ) characteristics of model calculation.
Conclusions
The aim of this work is to analyze the improvement potential of the power density by applying two-stroke cycle on Wankel engine geometry. A single-zone thermodynamic model of the two-stroke Wankel engine has been developed to study its performance characteristics. Scavenging, exhaust port opening and closing timings are taken from conventional cross scavenging two-stroke reciprocating engines. Two different port configurations are modeled (LP-large ports, SP-small ports). Model calculations are made for stoichiometric mixture. Different scavenging pressure conditions (120-250 kPa) and engine speeds (2000-6000 rpm) are considered. From the geometry of the Wankel engine, port opening and closing timings, and hence port areas, are governed by rotor flank surface.
•
For comparing the specific work for different type engine and cycles, the mean work per stroke-MWS-definition is proposed.
The single-zone thermodynamic model of the two-stroke Wankel engine is validated according to combustion with the conventional four-stroke Wankel engine, cycle analysis, and scavenging characteristics with conventional reciprocating two-stroke engine data.
The maximum pressure in the combustion chamber was 7.27-2.00 MPa. The geometric compression ratio of LP geometry is smaller, which leads to loss of indicated work area. Indicated specific work was 3.76-6.17 bar for low charging pressure and 8.41-14.28 bar for high charging pressure.
The comparison between LP and SP shows that supercharging may be applied more effectively with SP geometry. Late opening and early closing port geometry (SP) with higher supercharging pressure has a higher performance at a low speed range. However, at high-speed operation, port areas become insufficient for gas exchange, which increases residual gas and reduces power. Early opening late closing port geometry (LP) with supercharging is more suitable at a higher speed range, but in this case, power demand for supercharging will be high.
Port timing and area, charging pressure, and speed are the main factors that characterize output performance. These preliminary results show promising potential to increase power density by applying a two-stroke cycle on the Wankel engine. This is especially obvious at lower engine speed operations.
This study is the first attempt to model and define the basic parameters and constraints of the two-stroke Wankel engine concept. In order to design a prototype, further research may concentrate on advanced port timings, design, and configurations. In addition, three-dimensional computational fluid dynamics (CFD) modelling should be used to investigate the effects of port geometries on the mixture within the combustion chamber. 
